Weeds compete with crops for belowground resources; however, there is little detailed information on relative dynamics of soil water during competitive interactions. This research was conducted to determine changes in soil-water storage (CSWS) in rain-fed no-tillage corn (Zea mays L.) production in the presence or absence of weed competition over two droughty growing seasons. Weeds at the experimental site were composed primarily of fall panicum (Panicum dichototniforum Michx.), which represented >90% of plants present in both years. Corn-row soil-water infiltration and losses as CSWS were studied with niultisensory capacitance probes that determined water status at depths 
I N rain-fed corn systems, normally, soil-water availability is considered to be the main factor influencing crop growth and biomass production (Roygard et al., 2002) . A great deal of research has been reported on the effects of soilwater deficit and water stress on plant growth (Robins and Domingo, 1953; Denniead and Shaw, 1960; NeSmith and ftitchie, 1992) . Investigators have focused on detennining water use efficiency and water stress using soil mois-ture monitoring information obtained from relatively long time intervals such as weekly measurements (Sadler et al., 2000; Roygard et al., 2002) . For annual crops, however, it is important to evaluate soil-water infiltration and losses at more frequent time intervals to better understand their impact on plant growth especially during important phases throughout the entire growing season.
In crop fields, weeds commonly interfere with crop growth and yield through acquisition of required resources, primarily light, water, and nutrients (Kropff and van Laar, 1993) . The competitiveness of weeds is often measured in terms of the quantitative relationship between crop yield loss and weed density. For example, Massinga et al. (2003) showed corn yield reduction 760SADEGHI, ET AL. SOIL SCIENCE of nearly 11% by as few as 0.5 Palmer amaranth (Amaranthus palmeri S. Wars) plants per meter of row and 91% by 8 plants per meter of crop row. Corn grain yield was reduced 13% to 14%, whereas corn biomass was reduced 23% to 24% by 10 giant foxtail (Setaria faberi Herrm.) plants per meter (Fausey et al., 1997) . Research across several Midwestern locations and seasons demonstrated that the economic threshold for corn yield reduction by foxtail species varied considerably (from 3 to 94 plants per meter of row) depending on local conditions, suggesting the need for a more quantitative understanding of the use of aboveground and belowground resources by competing species (Lindquist et al., 1999) .
Most research approaches to determine resource use during crop-weed competition have focused on leaf canopy dynamics and aboveground competition for light with less research devoted to competition for belowground resources including water (Kropffand van Laar, 1993) . There are few reports on water uptake dynamics from respective soil profile layers over time during crop-weed competition; more information of this type is needed to understand the variability in weed-crop competition outcomes. Dailey et al. (2006) used time domain reflectometry technology to demonstrate that volumetric soil-water percentage was lower at several depths in weedy versus weed-free corn, however, the net changes from infiltration and evapotranspiration (ET) over time were not reported. Massinga et al. (2003) detennined soil moisture content at 10-day intervals using a neutron probe during competition between corn and Palmer amaranth and found no evidence of competition for water under the irrigated conditions of their experiment; light interception by the Palmer amaranth within the corn leaf canopy was cited as the main explanation for competitive effects. Banks et al. (1985) also used a neutron probe to determine soil-water content weekly during competition between soybeans [Glycine max (L.) Merr] and sicklepod (Cassia obtus!folia L.) . Greater ET before leaf canopy closure in plowed versus no-tillage soils seemed to explain the greater soybean yield loss due to weeds in the plowed than no-tilled treatment. In the later two studies, ET was determined by the difference in stored water between selected time intervals plus precipitation and irrigation, but ninoff and Trade names are used in this publication to provide specific information. Mention of a trade name does not constitute a guarantee or warranty of the product or equipment by the USDA or an endorsement over other similar products.
deep percolation losses were ignored (Banks et al., 1985) . Current technology permits the real-time recording of soil-water status that allows for a more precise estimation of water infiltration into the soil profile during rainfall events and subsequent soil-water losses (estimated ET) for the remaining soil water.
The EnviröSCAN®' soil-water monitoring system (Sentek, Stepney, South Australia, Australia), using multisensor capacitance probes (MCP), is specifically designed to provide such information in space and real time (e.g., 10-cm soil profile increments every 10 mm) simultaneously (Starr and Paltineanu, 2002) . These probes have been tested and calibrated for their accuracy and precision (Evett, 2005; Evett et al., 2006) in estimating soil-water content both in the laboratory and compared with field calibrations across a range of soil textures (Paltineanu and Starr, 1997) . Paltineanu and Starr performed their sensor calibrations on a silt loam soil (finesilty, mixed, active, inesic Aquic Hapludult) and found a highly significant nonlinear relationship between soil volumetric water content (Ow) and the scaled frequency (SF) (O = 0.490 SF21674', = 0.992 for n = 15; root mean square error = 0.009 mL cm 3), where SF = (Fa -Fs)/(Fa -F) and F, ., F5, and F are the frequencies of the capacitance sensor in air, soil, and nonsaline water, respectively. This calibration result was then shown to be qualitatively similar over a wide range of soil textures.
These MCP have been used extensively as an irrigation management tool in Australia since 1991 (Buss, 1993) , as a citrus-irrigation management tool at a number of sites in the United States (Fares and Alva, 2000) , for characterizing preferential precipitation flows through a corn canopy and into the soil profile (Paltineanu and Starr, 2000) and, more recently, for determining soil-water storage capacity at corn row and inter-row positions (Starr and Timlin, 2004) . The objective of this study was to estimate changes in soil-water storage (CSWS) in corn production with and without weed competition. Experiments were conducted during two drought-stressed years, thus providing the opportunity to study the CSWS in corn root zone and water usage patterns under conditions where water was the major limiting resource.
MATERIALS AND METHODS

General Site Characterization and Procedures
This study was conducted during the 1998 and 1999 corn growing seasons, as part of an VOL.. 172 -No. 10 REAL-TIME SOIL PROFILE WAlER. CONTENT 761 MCP (OCedOSS (sensor deoths)
• Weed-free (10.20,30, and 50cm) a With weeds (10, 20, 30. and 40 cm) 0.23 ongoing field study established on eight plots ranging from 0.10 to 0.23 ha (labeled A-H) (Sadeghi and Isensee, 1994) , at the Beltsville Agricultural Research Center, Beltsville, Maryland. These plots (catchments) were originally designed to study runoff and leaching of herbicides. The soil across the experimental field plots consists of a mixture of Hatboro (fine-loamy, mixed, nonacid, mesic, Typic Fluvaquents) and luka (coarse-loamy, siliceous, acid, mesic, Aquic Udifluvents). Soil texture ranged from loam to clay loam in the top 50-cm soil profile. Surface soil pH ranged from an average of 6.3 to 5.0 in the lower soil profile. Plot slopes ranged from 2% to 4%. An important feature of the site is a subsurface clay layer of a variable thickness (-0.05--0.5 m) and beginning about 0.5 m below the soil surface. This layer underlies most of the field and acts as an aquitard and a root-restricting layer, especially in dryer years (Laboski et al., 1998) . Typically, soil below the clay layer is gravelly clay loam to gravelly sandy loam. For this study, the middle four of the eight main plots were selected as shown in Fig. 1 . Hairy vetch, as part of the ongoing study, was fall-seeded at 28 kg ha as a cover crop in plots C and F before the 1998 and 1999 growing seasons. Each spring, paraquat was applied at 0.56 kg ha as active ingredient (a.i.) to kill all live vegetation, and fertilizer was broadcast at 179 kg ha -1 N (as ammonium nitrate) to the entire field shortly before planting corn. Corn was planted without tillage on May 17, 1998, and on May 25, 1999. After corn planting, weeds were controlled by spraying atrazinc (1.8 kg a.i. ha) and metolachlor (2.2 kg a.i. ha t ) over the entire plots, except for two areas (ca. 4 x 8 m) in each plot, over which nozzles were shut off as the sprayer passed.
A weather station (Campbell Scientific) was located about 500 m from the experimental site. The local long-term cumulative precipitation over the growing season and the corresponding cumulative precipitations in the 1998 and 1999 experimental years ( Fig. 2) show the relative droughtiness during the two experimental years compared with the long-term average.
Soil-Water Measurements
Near-continuous real-time soil-water measurements were recorded with EnviroSCAN® using 32 MCP that were installed within the four plots (Starr and Paltineanu, 2002) . Each MCI3 had four capacitance sensors, centered at soil depths of 10, 20, 30, and 40 or 50 cm, with a maximum sensor depth of 40 cm in the weedy treatment and 50 cm in the nonweedy treatment. (Only 40-and 50-cm MCP were available for this study.) The water content at the 40-cm depth in the nonweedy treatment (no sensor positioned at this depth) was calculated as the mean of the 30-and 50-cm sensor depths. More detailed instrument characterization, sensor calibrations, precisions, and probe installation are provided by Paltineanu and Starr (1997) , Paltineanu (2002), and Evett et al. (2006) .
The MCP were installed in plots C, D, E, and F, with two probes within each unsprayed area and two in an adjacent area sprayed to control weeds as shown in Fig. 1 . The sprayed and unsprayed areas were replicated within each plot. Just before the 1999 growing season, the MCP and their access tubes were removed, holes were backfihled (using soil from the same location that was removed during access tube installation), and then the access tubes were reinstalled after corn emergence. The exact location of each MCP was not the same each year, but the location of blocks and cover crops was the same. The MCP were placed between two corn plants, soon after corn emergence, at designated field locations (i.e., with and without weeds). Near-continuous soil-water monitoring was initiated on all MCP on June 18, 1998, and June 19, 1999 (32 and 25 days after planting, respectively). Soil-water contents were recorded on 10-rm*n intervals in the weedy treatment and 60-min intervals in the nonweedy treatment.
Diurnal CSWS were determined over 24-h periods, starting at 5 a.m. at each sensor depth and position. The daily changes in soil profile water content (5-45 cm) were recorded as the sums of either positive or negative changes at each sensor depth and location. Positive changes in soil-water content reflect infiltration events. Negative CSWS were attributed to ET and to drainage below the deepest sensor depth. Evapotranspiration includes transpiration from the plant canopy and evaporation from the soil surface and is the primary mechanism by which water is removed from soil profile into the atmosphere (Dingman, 1994) . Accurate quantification of actual ET is crucial for quantitative estimation of water balance components (Irmak et al., 2005) . Direct ET . , 1977) . Hence, we made a practical approach to this complex problem by estimating ET (designated herein as FTC) from the diurnal negative CSWS between rainfalls. Runoff and deep percolation losses were considered negligible for the rainfall conditions in this study. Therefore, over the time span of these experiments, the primary loss in soil-water was designated as CSWS through the rest of this article. Cumulative CSWS was recorded over the season, as well as cumulative CSWS at designated periods during the growing season. The value of this approach to determine CSWS for this experiment, which was limited to relatively shallow monitor soil-water measurements, was assessed.
Corn and Weed Growth
In the weedy sections, weed density was determined within a 2-m2 area surrounding each MCP (I nr on each side of the corn row) on July 1, 1998, and on July 21, 1999. Weeds were composed primarily of fall panicurn (Panicun; dicliotonilfiorun; Michx.), which represented >90% of plants present in both years. High populations of grass weeds are typical of fields with a history of no-tillage (Hellwig et al., 2002) such as that used for this experiment. Vegetative biomass of weeds also was obtained frorn the same 2-m2 areas surrounding each MCP at the same time as corn biomass harvest. Corn bioinass was obtained in early September (2001) for a presence/absence additive design from a 1.32-in length of row (six plants) with corn as the focal species and weeds as the surrounding each MCP; this represented an area associate species. Analysis of variance was conof 1 rn 2 (1.32 x 0.76-in row spacing). Concen-ducted on plant variables using a mixed model tration of macronutrieilts in the harvested tissue (SAS version 8.2; SAS, Gary. NC) with cover was determined at the university of Maryland crop treatment, weed presence or absence, and Soil and Tissue Testing Laboratory. Corn grain year as fixed effects and with block and blockweight was not determined because extremel y by-cover-crop interaction as random effects. droughty conditions in both 'ears resulted ill Positive and negative CSWS (infiltration and negligible grain production.
ETe) were analyzed separately for each year S between the time of MCI' installation and 28 Analysts July or for selected early-season periods as The design of this experiment is analogous described subsequently. Soil-water changes were to that described by Goldberg ------S. Soil depth (cm) Fig. 6 . Relative total water uptake by soil depth, with semi logarithmic regression line extrapolated (dashed line) to zero water uptakes.
because of extreme drought in both years, Which caused plants to begin senescing with little physiological activity after silking (plants were essentially barren). An anal ysis of covariance of corn biomass in response to weed biomass with year as class variable was performed to quantify corn-weed competitive relationships. Analysis of covariance also was performed for corn biomass in response to water uptake at selected depths as regression variables and year as a class variable to identify depths where water removal had the greatest impact oil biomass in response to weed competition.
RESULTS AND DISCUSSION
Overall, there were significant weed-by-year interactions for cumulative ET and total biomass (data not shown), but there were no significant cover crop main effects or interactions for these variables. Cover crops probably had little influence on ETC and biomass because these no-tillage corn plots already had high levels of crop and winter weed residue. Residue cover in the plots Without hairy vetch was 96% and 99% in 1998 and 1999, respectively, whereas residue cover in the hairy vetch plots was 99% and 100% 765 (Teasdale et al., 2003) . As a result, the typical benefits of cover crop residue at Increasing rainfall infiltration and reducing evaporation compared with uncovered soil were not realized in this experiment. Consequently, this article will focus primarily oil and biomass as influenced by weed presence/absence.
Soil-Water Changes
Sample soil-water dynamics from one plot across the two growing seasons is presented in Fig. 3 and shows characteristic temporal 'ariation in soil-water content at four sensor depths for weedy and nonweedy corn. Others have shown that data from these types of sensors are quite variable spatially (Evett, 2005) . Of particular interest for this study is that (i) except for the early-season rainfalls, subsequent rainfalls did not penetrate below 15 cm, (ii) day-time decreases in soil-water storage shows that the greatest root activity was above 25 cm, and (iii) decreases in soil-water storage below 25 cm began to increase starting in early July, as the Lipper 25 ciii of soil became water-stressed (as indicated by the change from rapid to slow rates of soil-water loss at these shallower depths).
Cumulative rainfall/infiltration (water inputs) and losses (decreases in soil-water storage) and potential losses are shown in Fig. 4 . Positive 24-h CSWS (i.e., water infiltration) were observed after rainfall events. Negative 24-h CSWS were attributed primarily to ET demand (water uptake and surface evaporation) and secondarily to drainage below the bottom sensor depth. In both years, the cumulative rainfall and the positive CSWS tracked well together. The June 22, 1998, infiltration in the nonweedy corn was about one half that in the weedy corn. The overall close tracking of cumulative rainfall and cumulative infiltration provide confidence in the reliability of the MCP measurements.
Total soil-water loss over the 5-to 45-cmdepth range was higher at weedy than at weedfree sites in 1998 but not in 1999 (Table 1) . There was greater water infiltration at weedy than weed-frce sites in 1998, but net CSWS value after subtracting infiltration was still higher in weedy corn. This su g gests that the higher evaporative demand (ET) at weedy sites in 1998 was the result of both greater infiltration and greater withdrawal of resident soil water by weeds and corn at these sites. Evaporative demand (Er) was expressed as a negative number, so that it could be directly compared with cumulative decreases in soil-water storage (Fig. 4) . At no time during these two droughty seasons did soil-water losses exceed PET. Potential El and the 1998 weedy corn soil water losses tracked closely together until June 29, 1998, after which the soil-water losses were increasingly lower than PET. In contrast, soilwater losses in the nonweedy corn plots were lower than that in the weedy corn for the first five 1998 rain events. The higher water removal from the weedy corn in 1998 is not surprising because of the higher plant density (corn plus weeds) and, most likely, higher root density distribution in the weedy-corn plots. There may be other factors as well, such as weed and surface soil interactions creating better infiltration conditions early in the growing season, with greater water penetration in the weedy-corn versus the nonweedy corn plots (compare the soil-water increases at the 10-and 20-cm sensor depths after 1998 rainfalls in Fig. 3) .
The CSWS for 1998 and 1999 were essentially the same from late June through July (Fig. 4) , but in contrast to 1998, the 1999 soilwater loss rate for both the weedy and nonweedy corn treatments were more similar. A possible cause for this difference is the climatic conditions from planting (about May 25) to the first MCI' readings (June 19) in the two years (Fig. 2) . During this time interval, the cumulative CSWS was about 40 mm greater in 1999 than in 1998, whereas the cumulative rainfall was about 22 mm less in 1999 than in 1998. The combination of a dryer early spring with greater evaporative demand in 1999 probably explains the differences shown in Fig. 4 .
Relative cumulative soil-water losses with increasing soil depth under weedy and nonweedy corn are shown in Fig. 5 . The total water uptake reference levels for this figure are from the final cumulative water loss values for the 5-to 45-cm profiles shown in Fig. 4 (numerical values printed in the lower left corner of each graph in Fig. 5) . In all cases, there was decreasing water uptake with each succeeding 10-cm soil-depth interval. For example, by July TABLE 4 Regression of corn biomass as a function of early CSWS at four depths over periods defined in Table 3 27, more than 40% of the total soil-water loss occurred in the top 5-to 15-cm layer, and about 30% was lost in the next layer (obtained by difference of the top two layers). These relative soil-water losses at each depth interval for each treatment are plotted in Fig. 6 . A single semilogarithmic regression line is shown for the four sets of data because the regression fitted lines for each treatment were not significantly different. Figure 6 shows that less than 15% of the total water uptake was from soil depths below 45 cm. If longer MCP had been available, we estimate that the active rooting depth was about 62 cni, based on extrapolating the regression line to zero water uptake. Thus, with more than 85% of the water uptake accounted for, we conclude that the shallow placement of our probes provided a good assessment of the soil-water changes and water uptake by weedy and weedfree corn for these site and climate conditions.
Corn and Weed Growth There were significant weed treatment effects on total biomass (Table 1) . Total plant biomass (corn plus weeds) was increased by 10% in 1998 and by 13% in 1999 at weedy versus weed-free sites. Because total biomass was increased at weedy sites, weeds more than compensated for the decrease in corn biomass at these sites. Greater water losses, presumably as plant uptake, in weedy corn may account for the higher total biomass achieved at weedy versus weed-free sites. Massinga et al. (2003) also found that water uptake increased in corn with weeds than in weed-free corn.
Weed competition reduced corn biomass by 28% in 1998 and 21% in 1999 (Table 1 ). The regression of corn biomass on weed biomass was significant (P < 0.05), with no interaction between year and weed biomass, indicating the slope was similar across years. The slope of 0.853-g loss in corn biomass per l-g increase in weed biomass suggests that there was almost a one-for-one replacement of weed for corn biomass but that corn was slightly more competitive than weeds (i.e., one unit addition of weed biomass reduced corn biomass by slightly less than one unit).
Weeds had higher concentrations of N, K, Ca, and Mg than corn, whereas corn was higher than weeds in P (Table 2) . Di Toinaso (1995) documented that weeds often accumulate higher concentrations of nutrients than crops. These results demonstrated the capacity of weeds to compete for and extract higher concentrations of most nutrients than corn. I lowever, uptake of nutrients by weeds did not alter nutrient content of weedy corn because there were no differences in nutrient content between weedy and weedfree corn (Table 2) . Hellwig et al. (2002) also showed that corn N content remained unaffected by grass weeds despite reduced corn yield, suggesting that factors other than N were probably responsible.
Early Water Use by Corn and Weeds
Higher CSWS in weedy versus weed-free corn in 1998 was largely the result of higher early CSWS during the first two weeks of measurements that then persisted through July (Fig. 4) . In 1999, despite no significant soilwater differences by the end of July (Table 1) , early CSWS was slightly greater in weedy than weed-free corn but then became slightly lower later. This increased early CSWS in weedy plots relative to weed-free plots in both years can he attributed to water use by weeds alone, because corn in these plots would not be expected to use more water than was used by the corresponding weed-free corn. To quantify this early soil-water use by weeds, daily CSWS at each depth were summed over the days after installation of MCP that weedy sites exhibited higher CSWS than weed-free sites (Table 3 ). Higher CSWS in weedy versus weed-free sites persisted for the shortest duration at the shallowest 5-to 15-cm depth in both years, whereas higher CSWS in weedy sites persisted for approximately 2 weeks at depths below 15 cm in 1998 and for almost I week at the 15-to 25-cm depth in 1999. The greatest differential between weedy and weed-free CSWS occurred at the 15-to 25-cm depth in both years (Table 3) .
This excess water used in weedy sites represents "free" water that was available early in the growing season before corn could access it. Corn was probably less competitive than weeds accessing this free water because there were only 6 corn plants compared with an average of 55 weed plants in each square meter. Results in Table 3 suggest that corn roots were able to "catch up" to weeds at the shallow 5-to IS-cm depth more rapidly than at deeper depths. Weeds appeared to have the most competitive advantage at the 15-to 25-cm depth for accessing earlyseason available soil water. The greater amount of this early-season water accessed by weeds in 1998 versus 1999 may be explained by dryer soil conditions before sensor installation in the 1999 season (see Fig. 2 ) that limited the amount of 768 SADEGHI, ET AL.
.. . SOIL SCIENCEwater available to weeds. Whether access to this early-season water was caused by more rapid proliferation of roots through the soil profile as a result of there being approximately a 10-fold higher population of plants or was caused by greater water extraction capability by weeds relative to corn cannot be determined from the design of this experiment. Additional research is needed to uncouple population and species effects on soil-water uptake. Regression analyses of corn biomass versus early CSWS at each depth showed that early CSWS at 5-15, 15-25, and 25-35 cm negatively impacted corn biomass (Table 4) . A similar analysis of corn biomass versus CSWS over the full period to corn silking showed no significant effect except at the 15-to 25-cm depth where the effect was weaker (P 00.0392) than that for early water use (P = 0.0004). These results suggest that early water consumption had a greater impact on corn biomass than total water consumption over the period to silking. As discussed above, the differential in early water use between weedy and weed-free corn can be clearly associated with water removed by weeds before corn could access it. This most likely deprived corn of this water later in the season and had a significant impact on defining the magnitude of corn biomass loss to weed cornpetition. Early-season soil-water deficits, even if short term, have been shown to cause long-term consequences for development of leaf area and several other corn growth parameters (NeSmith and Ritchie, 1992) .
CONCLUSIONS
Traditional soil-water measurements taken at widely spaced intervals (weekly or more) do not provide detailed information on changes in sod-water content with time. Use of MCP that record real-time data at short time intervals (e.g., 10-to 60-min intervals in this study) permit more accurate computations of soilwater infiltration and negative CSWS (ET,) at selected depths. This technology was applied successfully to determine the timing and depth at which competition for soil water occurred during weed-crop competition. Differential early-season ET, between weedy and weed-free corn in these experiments coupled with correlations between early-season water removals by weeds and corn biomass suggest that competition for limited water resources was a major cause for the reduction in corn biomass in the presence of weeds. Furthermore, the biggest competitive effect could be specified as resulting from early-season water removal by weeds at the 15-to 25-cm depth. Additional research is needed to apply this technology to determine the role of soil-water status in weed-crop competition across a gradient of rainfall amounts from deficit conditions to those that approximately track PET.
